Abstract. Melanoma, the most aggressive form of skin cancer, is notoriously resistant to all current available therapies. Inhibitor of growth 4 (ING4), a novel member of the ING family of proteins, has previously been shown to play a critical role in the development of multiple tumors by regulating apoptosis, proliferation, cell cycle progress, migration and invasion. However, the functional role of ING4 in human melanoma remains unclear. To fully understand its potential role in human melanoma, in the present study, lentivirus (LV)-ING4 and LV-ING4-short hairpin RNA were constructed and transfected into human melanoma A375 cells. First, the effect of overexpressing or downregulating ING4 on the apoptosis of the transfected melanoma cells and cluster of differentiation (CD)3 + T cells was investigated. In the present study, we found that the late apoptotic cells, and not the early apoptotic cells, were more in LV-ING4 group compared with LV-control, and both the early and late apoptosis of CD3 + T cells was significantly observed in A375 cells transfected with LV-ING4 compared with LV-control. Importantly, it was determined whether the overexpression of ING4 significantly induce apoptotic cell death via Fas/FasL (Fas death receptor/FasL) pathway activation and downregulation of poly(ADP-ribose) polymerase, caspase-3 and caspase-8 in the melanoma cells and CD3 + T cells. These results demonstrated that overexpression of ING4 can induce the apoptosis of melanoma cells and CD3 + T cells through signaling pathways such as the Fas/FasL pathway, and that ING4 gene therapy for melanoma treatment is a novel approach.
Introduction
Melanoma is one of the most lethal forms of skin tumors, responsible for >80% of all diagnosed skin cancer-related mortalities (1) . Melanoma is a serious public health problem in all countries throughout the world due to its unfavorable prognosis and the limited treatments available (2) . Despite advances in melanoma treatment, with several novel targeted therapies, as a result of the special characteristics and usual resistance to standard chemotherapy, there is no systemic and effective therapy that has a clear effect on the overall survival of patients with malignant melanoma (3). Although our understanding of the molecular biology of malignant melanoma has increased in recent years, the molecular mechanism of melanomagenesis is not completely understood.
Melanoma cells are highly resistant to traditional chemotherapeutic and radiotherapeutic treatments (4) . Immunotherapies (involving cancer vaccines, adoptive immunotherapy, antibodies and cytokines) focus on alternative therapies (5) . The challenge is to translate successful results from immune modulation trials into clinical meaningful results in phase 2 or randomized phase 3 drug trials (6) . Combining cancer vaccines with the adoptive transfer of T cells has been shown to increase the levels of circulating tumor antigen-specific regulatory T cells in patients, however, these approaches produce only a few patient's clinical responses (7) . These observations in melanoma support the fact that tumor resistance to immune system-mediated destruction may be the main process in the tumor microenvironment (7) . To improve the concepts of immune-based treatments, a better understanding of the local and systemic tumor-resistance mechanisms is important in melanoma patients.
The five members of the inhibitor of growth (ING) gene  family are ING1, ING2, ING3, ING4 and ING5. The ING family have garnered attention due to their putative roles as tumor suppressor genes (8, 9) . ING4 is a member of the ING family that has been demonstrated to play important roles in numerous cancer-related cellular processes including DNA damage, hypoxia, cell proliferation, apoptosis, the cell cycle, migration and angiogenesis (8) . ING4 is located in chromosome 12p13 and encodes a 249-amino acid protein containing a conserved C-terminal plant homeodomain finger motif and two nuclear localization signals (10) . ING4 expression is reduced in primary melanomas and metastatic melanomas (11) . Upregulation of ING4 has been shown to decrease the cell population in S phase, diminish the colony forming efficiency and induce apoptosis in a p53-dependent manner (10, 11) . However, the precise role of ING4 in melanoma angiogenesis is unclear.
The Fas death receptor/Fas ligand (Fas/FasL) system is a key regulator of apoptosis (12) . The Fas/FasL system, one of the major extrinsic apoptosis signaling pathways, is a key regulator of T-cell apoptosis (13) . The Fas/FasL-induced apoptotic pathway is active in early-and intermediate-phase melanomas, but is often impaired in highly metastatic melanomas (14) . The lack expression of Fas is correlated with the poor prognosis of malignant melanomas (15) . Recent findings revealed that the Fas expression was downregulated and FasL expression was upregulated during melanoma progression (16) .
The present study sought to investigate the impact of ING4 on malignant melanoma cells. Firstly, lentivirus (LV)-ING4-short hairpin (shRNA) or LV-ING4 were transfected into human melanoma A375 cells. Next, the effects of ING4 overexpressed or knockdown were determined on the apoptosis of A375 cells and CD3 + T cells. The study aimed to reveal the potential effects of ING4 in the regulation of the apoptosis pathway in A375 cells and CD3 + T cells. The study also aimed to demonstrate that ING4 can serve as a target for gene therapy in human melanoma cells.
Materials and methods
Cell and culture. The human melanoma A375 cell line, obtained from the American Type Culture Collection (ATCC, Manassas, VA, USA), was cultured in RPMI-1640 medium (Gibco; Thermo Fisher Scientific, Inc., Waltham, MA, USA), supplemented with 10% fetal bovine serum (MinHai Bio-Engineering, Co., Ltd., Lanzhou, China) and 1% penicillin-streptomycin (Invitrogen; Thermo Fisher Scientific, Inc.) in a humidified atmosphere at 37˚C, in the presence of 5% CO 2 and 95% air. After selection of infected A375 cells, the CD3 + T cells were co-cultured with A375 cells in WT, LV-control, LV-ING4-shRNA and LV-ING4 groups separately.
Construction of overexpression or knockdown ING4 vectors in A375 cells. pcDNA3.1-ING4 was constructed as described previously (17) . Lentiviral vector (pLKO.1) constructs containing ING4 cDNA or shRNA sequences for ING4 and an empty vector were purchased from Open Biosystems; GE Healthcare Dharmacon, Inc. (Lafayette, CO, USA). Lentiviral constructs were used to transiently transfect 293FT packaging cells along with 3 µg VSV-G pseudoviral particles. At 16 h post-transduction, the supernatant was replaced by Opti-MEM medium supplemented with HEPES (Invitrogen; Thermo Fisher Scientific, Inc.). Viral supernatant was harvested from the 293FT cells at 48 h post-transfection and filtered to remove non-adherent cells. Subconfluent A375 cells were infected by centrifugation at 300 x g for 5 min at 4˚C using virus-containing medium and 8 µg/ml polybrene. Infected A375 cells were selected for using 2 µg/ml puromycin starting at 24 h after the initial infection. The cells were identified at the protein levels using western blot analysis.
Preparation of CD3
+ T cells. Peripheral blood mononuclear cells (PBMCs) were isolated from the peripheral blood of healthy donors using Ficoll density gradient centrifugation at 300 x g for 10 min at 20˚C. Activation and expansion of anti-CD3 T cells from PBMCs at 14 days post-centrifugation was performed as previously described (18) . CD3 + T-cell expansion resulted in a product increase of 98.85±1.06% on day 15. CD3 + T cells were cultured in RPMI-1640 containing 10% fetal calf serum (Invitrogen; Thermo Fisher Scientific, Inc.). The research protocol was approved by the Biomedical Research Ethics Committee of the First Affiliated Hospital of Harbin Medical University (2014-R-034).
Analysis of apoptosis with Annexin V/7-aminoactinomycin D (7-AAD) staining.
Annexin V-fluorescein isothiocyanate (FITC) and 7-AAD (BD Biosciences, San Jose, CA, USA) were used for detection of apoptotic cells in the melanoma A375 cells and CD3 + T cells, according to the manufacturer's protocols, and then analyzed by a dual-staining protocol with fluorescence-activated cell sorting using FACScan (BD Biosciences, Franklin Lakes, NJ, USA). Cell populations (1x10 6 ) were labeled with Annexin V and 7-AAD (BD Biosciences) following the provider's procedure, and analyzed by flow cytometry.
In vivo model. A total of 20 BALB/c nude mice were purchased from the Shanghai Laboratory Animal Center (Shanghai, China). Mice were allowed free access to sterilized water and food, and were housed in individual ventilated cages at 23±5˚C under a 12-h light/dark cycle. The A375 cells were resuspended in serum-free DMEM at a concentration of 1x10 7 cells/ml. A total volume of 0.2 ml cell suspension (total 2x10 6 cells) was then injected subcutaneously into the right anterior armpit of nude mice to establish a xenograft model. The 20 injected mice were randomly divided into 4 groups: WT, LV-control, LV-ING4-shRNA and LV-ING4 (n=5 per group). The experimental protocol was approved by the Animal Care and Use Committee of the First Affiliated Hospital of Harbin Medical University.
Western blot analysis. Melanoma A375 cells or CD3
+ T cells were lysed in buffer containing 150 mmol/l NaCl, 1% NP-40, 50 mmol/l Tris (pH 8.0) and 20% glycerol, and normalized to total protein concentration using Bio-Rad protein assay reagent (Bio-Rad Laboratories, Inc., Hercules, CA, USA). Whole cell proteins (30 µg) were separated by 10% sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) and transferred to PVDF membranes using the Bio-Rad electrotransfer system (Bio-Rad Laboratories, Inc.). The filters were hybridized with ING4 (sc-135742), poly(ADP-ribose) polymerase (PARP; sc-136208), caspase-8 (sc-6136), caspase-3 (sc-271759), Fas (sc-4856) and FasL (sc-71096) (all 1:1,000 dilution; Santa Cruz Biotechnology, Inc., Dallas, TX, USA) for 1 h at room temperature. Anti-glyceraldehyde 3-phosphate dehydrogenase (GAPDH; 1:1,000 dilution; sc-47724; Santa Cruz Biotechnology, Inc.) was used as a loading control. The membrane was blocked by 5% fat-free milk for 1 h at room temperature and then incubated with the appropriate primary antibody diluted in 3% BSA solution at 4˚C overnight. After incubation with DyLight dye-conjugated secondary antibodies (cat. no. 35518; 1:10,000; Thermo Fisher Scientific, Inc.) for 1 h at room temperature, blots were scanned by the Odyssey Western Detection system (LI-COR Biosciences, Lincoln, NE USA), followed by quantification with ImageStudio software (LI-COR Biosciences).
Immunohistochemistry. Immunohistochemistry (IHC) was performed as described previously (19) . Fine sections (4-5 µm) were prepared from formalin-fixed tissue sections on poly-L-lysine coated glass slides, and then stained with anti-PARP, -caspase-8, -caspase-3, -Fas and -FasL by IHC. Sections were evaluated and scored independently by an experienced pathologist unaware of the treatment group. At least 5 fields per slide were randomly chosen for analysis of IHC. The IHC was evaluated according to the intensity of reactivity using a 4-tier system: 0, no staining (-); 1, weak staining (+); 2, moderate staining (++); and 3, strong staining (+++).
RNA extraction and RT-qPCR. Total RNA was extracted by using the TRIzol reagent (Life Technologies, Carlsbad, CA, USA) according to the manufacturer's instructions. RNA was reverse transcribed into cDNA using the PrimeScript II 1st strand cDNA Synthesis kit (Takara, Shiga, Japan). qPCR was performed on an ABI Step-One plus machine using SyBR-Green qPCR Master Mix (Biotool, Jupiter, FL, USA). Primers used are as follows: ING4 forward, ATGACAGCTCTTCCAGCAA and reverse, AGAAACTGTGTTGGAATCCAAG; GAPDH forward, AATCCCATCACCATCTTCCA and reverse, TGGACTCCACGACGTACTCA. GAPDH was used as endogenous control and 2 -ΔΔCt method was used to calculate the fold change.
Statistical analysis. All experiments were repeated at least three times, and data are expressed as the mean ± standard error of the mean. Comparisons among multiple groups were determined by one-way analysis of variance followed by Tukey's post-hoc test. Prism6 (GraphPad Software, Inc., La Jolla, CA, USA) was use to perform statistical analysis. P<0.05 was considered to indicate a statistically significant difference.
Results

Expression of ING4 in melanoma A375 cell transfectants.
The expression of ING4 is 98% in dysplastic nevi, and then significantly decreased to 67 or 53% in primary melanomas and metastatic melanomas (11) . After the wild-type, non-targeting lentiviral, ING4 lentiviral small hairpin RNA (LV-ING4-shRNA) and lentiviral pcDNA3.1-ING4 (LV-ING4) were transfected into A375 melanoma cell line, respectively, the expression of ING4 was evaluated by RT-PCR and western blot analysis. The overall knockdown efficiency of LV-ING4-shRNA was 80% (Fig. 1A) at the mRNA level and 70% at the protein levels ( Fig. 1B and C) . However, there was a significant increase in ING4 mRNA of 415% and protein of 275% in the A375/LV-ING4 group compared with the A375/LV-control (Fig. 1) .
Overexpression of ING4 enhances apoptosis of melanoma A375 cells and CD3
+ T cells. To examine the effect of ING4 on the A375 and T-cell co-culture system, CD3 + T cells were isolated from the blood samples of healthy donors. Flow cytometry analysis was performed to confirm the purity of CD3 + T cells from the A375 and CD3 + T-cell co-culture (Fig. 2) . Next, to determine whether the effect of (Fig. 3) . The percentage of early apoptotic cells (Annexin V-positive/7-AAD-negative) was 6.24±0.75% for the wild-type group, 6.02±1.52% for the LV-control group, 7.01±1.42% for the LV-ING4-shRNA group and 4.68±0.89% for the LV-ING4 group. In addition, the percentage of late apoptotic cells (Annexin V-positive/7-AAD -positive) was 5.76±1.37% for the wild-type group, 8.41±1.47% for the LV-control group, 5.98±1.21% for the LV-ING4-shRNA group and 54.37±6.13% for the LV-ING4 group (Fig. 3A) .
Similar results were obtained with CD3 + T cells from the A375 and CD3 + T-cell co-culture system. As shown in Fig. 3B , the apoptosis of CD3 + T cells was significantly different in the A375 cells transfected with LV-ING4 (the early apoptotic cells, 16.47±2.63%; the late apoptotic cells, 43.20±4.96%) compared with that in the cells transfected with the LV-control (the early apoptotic cells, 6.21±0.87%; the late apoptotic cells, 7.76±1.49%); however, there was no significant difference compared with the LV-ING4-shRNA group in the A375 and CD3 + T cell co-culture system (Fig. 3B) . These results suggest that increased ING4 expression in melanoma cells leads to increased lymphocyte apoptosis.
ING4 regulates the protein expression involved in the apoptosis pathway in CD3
+ and melanoma A375 cells. In order to investigate the molecular mechanisms in the apoptosis of CD3 + and A375 melanoma cells, the effects of ING4 on the expression of target proteins involved in the apoptosis of CD3 + and melanoma A375 cells was investigated. The protein expression levels of PARP, caspase-8 and caspase-3, which were involved in cell apoptosis according to western blot analysis, were determined. The protein expression of Fas and FasL was also examined. The results showed that increased ING4 expression reduced the PARP, caspase-8 and caspase-3 levels, but significantly increased the Fas and FasL protein expression in the CD3 + T cells and the melanoma A375 cells (Fig. 4) . The levels of PARP, caspase-8, caspase-3, Fas and FasL were also analyzed in nude mice livers by IHC. Higher expression of Fas and FasL, as well as lower expression of PARP, caspase-8 and caspase-3 was observed in the livers of the LV-ING4 group compared with other groups (Fig. 5) .
Discussion
ING4, a novel member of the conserved ING family, has been identified as a critical tumor suppressor in various cancer types. Previous studies suggested that knockdown of ING4 gene expression or ING4 gene deletion was associated with the progression or poor prognosis of high-grade tumors, such as those in lung cancer (20, 21) , brain tumors (19, 22, 23) and those in ovarian cancer (24) . In addition, previous findings have shown that ING4 expression is significantly reduced in human malignant melanomas, and that through regulating different signaling pathways, ING4 level is closely associated with the proliferation, apoptosis, invasion, metastasis and survival of malignant melanomas cells (11) . Meanwhile, a previous study showed that ING4 could significantly reduce tumor cell growth via the regulation of cell cycle progression according to experiments where exogenous ING4 was transfected into a lung cancer cell line (17) . We hypothesized that ING4 could play an inhibitory role by inducing cell apoptosis in human malignant melanomas. The present study was designed to elucidate the possible mechanisms of the ING4 expression involved in the induction of A375 cell apoptosis. Apoptosis or programmed cell death consists of the ordered disassembly of the cell from within, as opposed to necrosis or accidental cell death (25) . Cellular immunity plays an important role in the antitumor immune response. CD3 + T cells recognize peptides of exogenous antigens, which are presented by major histocompatibility complex class II molecules. Through the release of cytokines, CD3 + T cells activate natural killer cells, enhance the cytotoxicity of effector cells and increasing the sensitivity of cytotoxic T lymphocytes to target cells, and subsequently lyse tumor cells with perforin or by inducing cell apoptosis (26) . To reveal the apoptotic effect of ING4 in melanoma A375 cells and CD3 + T cells, dual staining with Annexin V-FITC/7-AAD was used to measure cell apoptosis. It was found that ING4 overexpression could induce melanoma A375 cells and CD3 + T-cell apoptosis significantly (Fig. 3) . Apoptosis may be induced through the extrinsic pathway (activation of cell surface death receptors) or the intrinsic pathway (alterations in the integrity of the mitochondrial membrane that induce the release of cytochrome c). These pathways converge at the level of the effector caspases (caspase-3, -6, -7 and -8) (27) . Once activated, these effector caspases cleave cytoskeletal and nuclear proteins, including PARP, thereby initiating cellular disassembly (27) . The present study demonstrated that PARP, caspase-8 and caspase-3 were decreased in response to overexpression of ING4 in melanoma cells (Figs. 4 and 5) , thereby supporting the premise that cell death occurs in a manner consistent with apoptosis.
Cell death induced by Fas/FasL interaction results in apoptotic signaling in numerous different cell types (28) . Fas, FasL and caspase-8 play important roles in the regulation of apoptosis induction (29) . In the present study, the data showed that overexpression of ING4 markedly activated Fas and FasL proteins in melanoma cells and CD3 + T cells (Figs. 4 and 5) . Furthermore, the results suggested that overexpression of ING4 level enhances the apoptosis of A375 cells, which may contribute to a close association with Fas/FasL pathway activation (Figs. 4 and 5) . To the best of our knowledge, this study shows that ING4 functions as a tumor suppressor protein in human melanomas. It validates the theory that ING4 can serve as a prognostic marker and a therapeutic target in human melanomas.
In conclusion, in the present study, vectors LV-ING4 and LV-ING4-shRNA were generated and the effect of 
